Beyond the presence of insulin receptors, little is known of the mechanisms underlying the biological effects of insulin in the placenta. We show that phosphorylation of MAPK and protein kinase B were enhanced 286 ؎ 23% and 393 ؎ 17% upon insulin stimulation of JAr placental cells. MAPK activation was prevented by pretreatment with PD98059 but was unaffected by wortmannin. Insulin stimulation of protein kinase B phosphorylation was abolished by pretreatment with wortmannin, suggesting that it is dependent on phosphatidylinositol 3-kinase activation. Despite protein kinase B phosphorylation, GLUT4 translocation, glucose uptake, and glycogen synthesis were not stimulated by insulin. By contrast, glycogen synthe- (4). By contrast, the activation of the MAPK pathway is not required for most of the metabolic effects of insulin in cultured adipocytes and muscle cells (5, 6). A role for PI 3-kinase activity in insulin-mediated glucose transport (7), GLUT4 translocation, and glycogen synthesis (8, 9) has been documented in vitro (10) and in vivo (11). Protein kinase B (PKB), a serine-threonine kinase acting as a downstream target of PI 3-kinase (12), has provided an attractive link between IR activation and the stimulation of metabolic functions in insulin-sensitive tissues. PKB has been implicated in several insulin-induced metabolic processes, including glucose transport, glycogen synthesis, protein synthesis, and antiapoptotic signaling (13, 14) .
T HE METABOLIC AND growth-promoting effects of in-
sulin are mediated by activation of insulin receptors (IRs) through a network of protein-protein interactions (1, 2) . Activation of intracellular substrates such as IR substrates 1 to 4 and other proteins such as p85, the regulatory subunit of phosphatidylinositol 3-kinase (PI 3-kinase), or the more distal mediator MAPK, results in the stimulation of biological signals in target cells (3) . The MAPK or ERK cascades are involved in the transduction of signals leading to cell growth and proliferation (4) . By contrast, the activation of the MAPK pathway is not required for most of the metabolic effects of insulin in cultured adipocytes and muscle cells (5, 6) . A role for PI 3-kinase activity in insulin-mediated glucose transport (7), GLUT4 translocation, and glycogen synthesis (8, 9) has been documented in vitro (10) and in vivo (11) . Protein kinase B (PKB), a serine-threonine kinase acting as a downstream target of PI 3-kinase (12) , has provided an attractive link between IR activation and the stimulation of metabolic functions in insulin-sensitive tissues. PKB has been implicated in several insulin-induced metabolic processes, including glucose transport, glycogen synthesis, protein synthesis, and antiapoptotic signaling (13, 14) .
Placental IRs undergo autophosphorylation upon insulin stimulation in vitro (15) . However, tyrosine kinase of placental IRs exhibits functional and kinetic properties that differ from those of liver and adipocyte receptors (16) . Whether or not such differences have a biological significance is not known. Moreover, effects of insulin, such as enhancement of glucose uptake and stimulation of glycogen synthesis, have not been documented in the human placenta (17, 18) ; thus, the placenta is not considered an insulin target organ. For example, in insulinopenic hyperglycemic streptozotecin diabetic rats, glycogen content is decreased in liver and skeletal muscle but is markedly increased in the placenta (19) . This "placental glycogen paradox" suggests that pathways located downstream of placental IRs could be differentially stimulated in the placenta compared with other insulinsensitive tissues. The recent findings that the insulin-regulatable glucose transporter GLUT4 colocalizes with IRs in the human placenta suggests that placental glucose metabolism may be stimulatable by insulin (20) .
This study was aimed at characterizing the signaling pathways leading to the main biological actions of insulin in placental cells. We show that PKB and MAPK are phosphorylated upon insulin action. PI 3-kinase-dependent phosphorylation of PKB does not lead to stimulation of glucose transport or glycogen synthesis. By contrast, activation of the MAPK pathway is required for stimulation of DNA synthesis. 
Materials and Methods Materials

Cell culture and treatments
JAr cells from passages 10 to 20 were cultured in RPMI 1640 medium supplemented with 10% FCS, penicillin G (100 U/ml), streptomycin (100 g/ml), and Amphotericin (0.25 g/ml) at 37 C in 5% CO 2 -95% air. Cells were cultured to 60 to 70% confluence and were incubated for 24 h in serum-free medium before stimulation. Cells were stimulated with insulin (100 nm) for the times indicated with or without prior treatment for 15 min with wortmannin (100 nm) or for 1 h with PD98059 (50 m), and then they were immediately frozen in liquid nitrogen. Frozen cells were lysed with a Dounce homogenizer in 1 ml of 25 mm HEPES, 250 mm sucrose, 2 mm dithiothreitol, 1 mm phenylmethylsulfonyl fluoride, 1% aprotinin (10 mg/ml), 50 mm sodium fluoride, 5 mm sodium pyrophosphate, and 1 mm sodium orthovanadate (pH 7.4). Cell lysates were centrifuged at 500 ϫ g for 5 min to preclear insoluble material, and the supernatant was centrifuged at 100,000 ϫ g for 1 h. The resulting supernatant was stored at Ϫ80 C until use. Protein concentrations were determined by the Bio-Rad Laboratories, Inc. (Munich, Germany) protein assay using BSA as a standard.
DNA synthesis
Cells were cultured to 50% confluence in six-well cluster trays and were serum deprived for 24 h. In some experiments, the cells were pretreated with PD98059 or wortmannin and were incubated in the absence or presence of insulin (100 nm) for 16 h. [ 3 H]Thymidine was added to the culture medium to a final concentration of 1 Ci/ml for 1 h at 37 C. After three PBS washes, 1 ml of 10% (wt/vol) trichloroacetic acid was added. Cells were then placed on ice for 30 min and were lysed in 0.5 ml of 1 m NaOH. After neutralization with 50 l of 10 n HCl, 4 ml of scintillation fluid (Optiphase Highsafe 3, Fisher Scientific, Loughborough, UK) was added and [ 3 H]thymidine incorporation was measured in triplicate using a scintillation counter (Betamatic 2, Kontron Instruments Ltd., St. Quentin en Yvelines, France).
Glycogen synthesis
Glycogen synthesis was quantitated by measuring the incorporation of [6- 14 C]glucose into glycogen. Serum-and glucose-deprived cells were incubated with 1, 5, or 11 mm glucose for 1 h, and d- [6- 14 C]glucose (1 Ci/ml) was added to the medium for 3 h at 37 C. The reaction was stopped by placing the plates on ice and washing twice with ice-cold PBS. Cells were solubilized in 1 ml of 30% (wt/vol) KOH, and the plates were placed on ice for 15 min. Cells were harvested and heated for 30 min at 100 C, and then 50 l of 5% glycogen and 1 ml of ethanol were added. After precipitation overnight at Ϫ20 C, samples were centrifuged at 1500 ϫ g for 15 min at 4 C. The resulting pellet containing glycogen was resuspended in 1 ml of water, and 4 ml of scintillation fluid was added. Radiolabeled glucose incorporation into glycogen was determined using a scintillation counter and was expressed in cpm/10 6 cells. In some experiments, glycogen synthesis was also quantitated by determining the increment in cold glycogen concentration above basal levels (21) . Cells were harvested and sonicated in 0.2 m sodium acetate buffer and incubated with amyloglucosidase (0.5 mg/ml) at 55 C for 60 min. Glucose concentrations were measured with glucose oxidase on aliquots of 10,000 ϫ g supernatant.
2-Deoxy-glucose uptake
Serum-deprived cells cultured in six-well cluster trays were washed twice with PBS, and glucose transport assay was performed in 1 ml of RPMI 1640 medium containing 5 mm glucose. The cells were incubated in the absence (basal) or presence of insulin (100 nm) for 10, 20, 30, or 60 min. The assay was initiated by the addition of 1 Ci of [ 3 H]2DOG. Uptake was performed for 10 min and was stopped by aspirating the medium. Plates were washed three times with ice-cold PBS and lysed by immersion in liquid nitrogen. The radioactivity incorporated into the cells was counted on 400-l duplicate aliquots with a liquid scintillation counter. Each value was corrected for protein content and expressed in nmol/mg protein/min.
GLUT4 translocation
Serum-deprived cells were treated for 1 h with insulin, and the amount of GLUT4 at the plasma membrane was assessed by Western blotting using a monoclonal anti-GLUT4 antibody. Plasma and microsomal membrane fractions were prepared by subcellular fractionation. Briefly, cells were harvested and homogenized in 20 mm Tris, 250 mm sucrose buffer, pH 7.4, containing protease inhibitors. The homogenate was centrifuged for 5 min at 500 ϫ g, and the supernatant was centrifuged for 30 min at 40,000 ϫ g. The resulting supernatant was centrifuged for 60 min at 175,000 ϫ g to obtain the low-density microsome fraction. The 40,000 ϫ g pellet was resuspended in homogenization buffer and laid on top of a sucrose gradient (35%, vol/wt) and then centrifuged for 45 min at 75,000 ϫ g to obtain the high-density microsome and plasma membrane fractions.
Immunoblotting
Equal amounts of proteins (80 g) were heated at 100 C for 5 min before solubilizing in Laemmli buffer (22) containing 200 mm dithiothreitol and electrophoresed on 7.5% SDS-PAGE. Proteins were electrotransferred to nitrocellulose membranes, and GLUT1, GLUT3, and GLUT4 were detected as described previously (20, 23) . For detection of phospho-MAPK, phosphorylated insulin receptor, MAPK/ERK1, and phospho-PKB, membranes were blocked overnight in Tris-buffered saline containing 0.1% Triton (0.1% TBST) with 5% BSA. Blots were incubated in 0.1% TBST containing 5% BSA with antiphospho-MAPK antibody (1:2000), antiphosphotyrosine antibody (1:1000), anti-MAPK antibody (1:6000), or antiphospho-Ser473 PKB (1:1500) for 3 h at room temperature. Blots were subjected to three 20-min washes in 0.1% TBST and incubated for 1 h with antimouse or antirabbit IgG conjugated to horseradish peroxidase diluted 1:5000 in 0.1% TBST with 5% BSA. After three 20-min washes in 0.1% TBST, immunoreactive signals were visualized by enhanced chemiluminescence detection and quantified by densitometry (Hoefer Scientific, San Francisco, CA). Apparent molecular weights were determined by comparison with standard molecular weight markers (Promega Corp.).
Statistical analysis
Results are expressed as means Ϯ sem. Statistical analysis was performed by t test for unpaired data (Statwork Software, Calabasas, CA).
Results
Insulin stimulates IR, PKB, and MAPK phosphorylation in JAr placental cells
We first analyzed the characteristics of IR tyrosine phosphorylation in placental cells. Cells were treated with various concentrations of insulin for 10 min, and IR tyrosine phosphorylation was visualized after immunoblotting with a monoclonal antiphosphotyrosine antibody. As shown in Fig.  1 , the IR ␤ subunit migrating at 97 kDa was not phosphorylated under basal conditions. Insulin stimulation caused a progressive phosphorylation of the ␤ subunit, which was maximal at 1 m. The higher band (120 kDa) likely represents pp120, the phosphorylation of which has been shown to be stimulatable by insulin (24) .
The activation of PKB and MAPK was visualized after Western blotting of cytosolic fractions from JAr cells using phosphospecific antibodies raised to the phospho-Ser473 of PKB and the tyrosine-phosphorylated activated MAPK (ERK1/ERK2 doublet). PKB phosphorylation was detected 5 min after the addition of insulin and became maximal at 30 min. By contrast, MAPK phosphorylation was maximal at 10 min after insulin stimulation and gradually decreased thereafter (Fig. 2) . Densitometric analysis of the immunoblotting data show that maximal stimulation of MAPK and PKB phosphorylation were 286 Ϯ 23% and 393 Ϯ 17%, respectively (Fig. 2) . Insulin-induced PKB activation was prevented by pretreatment of the cells with wortmannin, a potent inhibitor of PI 3-kinase, but was unaffected by PD98059, the specific inhibitor of the MAPK cascade (Fig. 3) . The activation of phospho-MAPK by insulin was inhibited by pretreatment of the cells with PD98059, as shown by the disappearance of the internal 42-to 44-kDa doublet (Fig. 3) .
Effects of insulin on glucose transport and glycogen synthesis in placental cell glucose transport
The effects of insulin on glucose transport were studied by measuring [ 3 H]2DOG uptake without (basal) or with 100 nm insulin (Fig. 4) . Basal glucose uptake measured during 10 min did not vary with 10.0 Ϯ 0.5, 8.6 Ϯ 0.5, 9.7 Ϯ 0.6, and 8.5 Ϯ 0.3 nmol/mg protein/min at 10, 20, 30, and 60 min, respectively. It was not modified in the presence of 100 nm insulin (9.8 Ϯ 1.2, 9.3 Ϯ 0.3, 10.0 Ϯ 0.4, and 10.0 Ϯ 0.6 nmol/mg protein/min). Glucose fluxes can be regulated not only by the total amount of glucose transporters expressed at the cell surface but also by the distribution of transporters between the plasma membrane and intracellular compartments. Therefore, we analyzed the subcellular distribution of the three major placental glucose transporter isoforms (GLUT1, GLUT3, and GLUT4) by Western blotting. Equal amounts of proteins from plasma and microsomal membranes were separated on SDS-PAGE, and glucose transporters were visualized in each fraction with specific antibodies (Fig. 5A ). GLUT1 and GLUT3 were localized exclusively at the plasma membrane and in high-density microsomes. By contrast, GLUT4 was found in all fractions, but GLUT4 concentration was higher in intracellular microsomal fractions than in plasma membranes (Fig. 5A) . We thus studied whether insulin induced a translocation of GLUT4 to the cell surface. No significant differences were observed in GLUT4 protein levels at the cell surface or in the intracellular compartment in the absence or presence of 100 nm insulin (Fig. 5B) . The subcellular distribution of GLUT1 and GLUT3 was not modified in the absence or presence of insulin (data not shown).
Glycogen synthesis
Glycogen synthesis was assessed by measuring [
14 C]glucose incorporation into glycogen as a function of glucose concentration in the culture medium (Fig. 6) . 6 cells/h; P Ͻ 0.01). Glycogen synthesis estimated from the tracer-derived glycogen rates was not modified by the presence of insulin regardless of glucose concentration (Fig. 6) . Glycogen synthesis was also quantitated by measuring total glycogen concentration under basal (absence of insulin) and insulin-stimulated conditions. No difference in total glycogen content was observed in the absence or presence of insulin (90.6 Ϯ 5.2 vs. 84.0 Ϯ 10.8 g glycogen/mg protein).
Mitogenic effect of insulin on placental cells
The effect of insulin on DNA synthesis was assessed by measuring the rate of [ 3 H]thymidine incorporation into DNA. It was maximum between 10 and 1000 nm insulin (Fig.  7A) ; therefore, the following experiments were performed with 100 nm. DNA synthesis was enhanced 1.9-fold in response to insulin (6, 
3,484 Ϯ 212 cpm/10
6 cells/h) (Fig. 7B) . The insulin-induced stimulation of DNA synthesis was inhibited by pretreatment with PD98059 (6,599 Ϯ 433 vs. 4,509 Ϯ 390 cpm/10 6 cells/h; P Ͻ 0.01). By contrast, the insulin-induced effect was unaffected by pretreatment of the cells with wortmannin (6,599 Ϯ 433 vs. 6,751 Ϯ 733 cpm/10 6 cells/h) (Fig. 7B) .
Discussion
This study represents the first steps toward understanding the insulin-induced signaling pathways activated in placental cells. We show that PKB and MAPK phosphorylation are stimulated by insulin in JAr placental cells. The rapid induction of MAPK phosphorylation upon insulin stimulation is similar to that observed in other cells in which peak activity occurs within 5 to 10 min of exposure to insulin (25) . Full activation of PKB by insulin requires phosphorylation of both Thr308 and Ser473 (26) . However, only the phosphorylation of Ser473 is sensitive to wortmannin and thus appears to be under the control of PI 3-kinase (12, 26, 27) . Insulininduced PI 3-kinase-dependent stimulation of glucose transport has been demonstrated in a variety of insulin-responsive cell lines (9, 10) , and constitutive activation of PKB is sufficient to stimulate glucose uptake and GLUT4 translocation (6, 28) . We show here that neither glucose uptake nor GLUT4 translocation was enhanced in spite of PI 3-kinase-dependent activation of PKB in placental cells. The inability of GLUT4 to translocate to the cell surface despite PI 3-kinase activation and PKB phosphorylation strongly suggests that additional pathways and/or molecules are required for GLUT4 translocation in placental cells. Compartmentalization is a critical process for kinase activity and full phosphorylation of PKB (29, 30) and has not been studied in the placenta. Alternatively, other downstream effectors of PI 3-kinase, such as the atypical PKC and ␣ (31), could also be necessary for the translocation of placental GLUT4. Overexpression of GLUT4 protein in the skeletal muscle-like cell line C2C12 was insufficient to confer insulin-stimulated glucose uptake, possibly because of the high levels of GLUT1 and GLUT3 expression at the cell surface (32) . This last hypothesis is worthy of consideration in cells expressing high levels of transporter isoforms other than GLUT4, such as placental cells.
The second puzzling issue regarding the signaling pathway recruited by PKB in the placenta is the absence of stimulation of glycogen synthesis by insulin. This is in contrast to other insulin-sensitive tissues (14) and is regarded as the glycogen paradox. Hormonal regulation of glycogen synthesis partially occurs by insulin-mediated dephosphorylation of glycogen synthase. Glycogen synthase kinase (GSK-3) has been identified as a major target of PKB (12), and dephosphorylation of GSK-3 was implicated in the control of glycogen synthesis in 3T3-L1 adipocytes (33) . Although GSK-3 is expressed in JAr placental cells, the present findings show that placental glycogen accumulation is more related to increases in glucose than in insulin concentration. Glycogen synthesis was enhanced 20-fold by increasing glucose concentration from 1 to 11 mm. This is consistent with previous observations showing that [
3 H]2DOG uptake is enhanced in placenta of hyperglycemic insulin-deficient diabetic rats (34) and that the regulation of placental glycogen synthase is primarily mediated by its allosteric activator, glucose 6-phosphate (35) .
Biological actions induced in the placental cell through PI 3-kinase and PKB signaling remain a matter of debate. The involvement of PKB in pleiotropic functions such as the regulation of cell survival and the induction of transcription factors (27) suggests that PKB phosphorylation triggers pathways other than stimulation of placental glucose uptake and metabolism.
Glucose is the major fuel for growth and energy metabolism of placental and fetal tissues (36) . Nevertheless, under the conditions used to assay the effect of insulin, high glucose concentrations in the culture medium (25 vs. 5 mm) do not modify [ 3 H]thymidine incorporation into DNA (Boileau, P., and S. Hauguel-de Mouzon, unpublished results). This finding prompted us to speculate that factors other than hyperglycemia may be responsible for the placental macrosomia of streptozotecin diabetic rats. Because many IRs are located on the fetal side of the placenta, enhanced mitogenesis secondary to fetal hyperinsulinism could contribute to the development of placental macrosomia. It is currently believed that insulin, the most important growth factor for the fetus, exerts growth-promoting effects during implantation and placentation through metabolic processes. However, insulin growth-promoting effects could also occur through a direct action on mitogenesis or cell proliferation. It has been stated for more than 30 yr that diabetes during pregnancy induces feto-placental macrosomia through the growth-promoting effects of insulin (37) . So far, direct proof of the mitogenic actions of insulin is lacking because none of the intracellular substrates that mediate insulin action have yet been identified in the placenta. Pretreatment of cells with PD98059, the specific MEK1 inhibitor, inhibited phosphorylation of the 42-to 44-kDa MAPK doublet and impaired stimulation of DNA synthesis, demonstrating that activation of the MAPK cascade is essential for the stimulatory action of insulin on mitogenesis in the placenta as in other cell types (38, 39) . Mitogenesis was unaffected by pretreatment of the cells with wortmannin. This indicates that neither activation of the PI 3-kinase pathway nor phosphorylation of PKB was required for insulin-mediated proliferation in JAr cells, consistent with the findings in Swiss 3T3 cells that inhibition of PI 3-kinase activity does not modify MAPK phosphorylation (40) . The parallel dose-dependent stimulation of insulin on both IR ␤ phosphorylation (Fig. 1) and mitogenesis (Fig. 7A) in JAr cells suggests that the mitogenic action of insulin is mediated through the IR.
In conclusion, we have identified MAPK and PKB as downstream targets of IR in placental insulin signaling. One unexpected and puzzling issue is the lack of an insulinmediated effect to stimulate glucose uptake and glycogen synthesis despite PKB phosphorylation. By contrast, insulin stimulates DNA synthesis via a MAPK-dependent and PI 3-kinase-independent pathway, indicating that stimulation of mitogenesis is one major biological effect of insulin in placenta cells. These findings open the way to further studies in human placenta to fully establish the physiological relevance of these molecular pathways.
